Brassica napus cv Westar plants were transformed with 3-oxoacyl-ACP reductase (KR) in antisense orientation, driven by either the cauliflower mosaic virus 35S promoter or a seed-specific acyl carrier protein promoter to determine the effects on plant productivity and on the activity of other fatty acid synthase (FAS) components. In plants with altered KR activity, total seed yield was reduced in all cases. In less severely affected plant lines, seeds had a normal appearance and composition but the yield of seeds was reduced by approximately 50%. In more severely affected lines, reductions in both seed fatty acid content and the number of seeds produced per plant were evident, resulting in a 90% reduction in fatty acid synthesized per plant. These phenotypes were independent of the promoter used. In severely affected lines, a large proportion of seeds showed precocious germination, and these had a reduced oleate content and increased levels of polyunsaturated 18-carbon fatty acids, compared with normal seeds of the same line. This reduction in 18:1 fatty acids was mimicked on imbibition of seeds with a normal appearance, indicating a preferential use of oleate moieties in precocious germination events. The reduction in activity of KR was mirrored for a second fatty acid synthase component, enoyl-ACP reductase, indicating a mechanism to maintain the ratio of fatty acid synthase components throughout embryogenesis.
Introduction
During embryo development, maturation and desiccation follow morphogenesis; in oilseeds, such as Brassica napus and Arabidopsis (Arabidopsis thaliana), the maturation phase includes the synthesis of carbon reserve in the form of triglycerides that are deposited in oil droplets bounded by amphipathic proteins called oleosins. At the same time, two proteins: cruciferin, a 12S globulin, and napin, a 2S albumin, are synthesized as the main nitrogen store. Triglycerides and proteins are the most abundant storage products in oilseeds; however, little is understood about the factors that control the partitioning of carbon between these stores. Carbohydrates are also present as a minor component of mature seeds, but there is evidence that they are important in the formation of triglycerides. Starch accumulates prior to and during the early stages of triglyceride synthesis, but is essentially absent in mature seeds (Kang and Rawsthorne 1994, Focks and Benning 1998) ; however, mutants of Arabidopsis that are defective in starch biosynthesis have a reduced amount of triglyceride in their seeds (Focks and Benning 1998, Periappuram et al. 2000) .
De novo biosynthesis of fatty acids occurs in plastids using two enzyme systems: heteromeric acetyl-Co-A carboxylase (ACCase) and fatty acid synthase (FAS) which results in acyl-ACP moieties that are 16 or 18 carbons long. These long chain acyl-ACPs are substrates for acyl-ACP desaturase that introduces a double bond between carbons 9 and 10, and acyl-ACP thioesterase, which removes the ACP group in preparation for export of the acyl chain from the plastid. In seeds, the acyl chain may be elongated or further desaturated in the cytoplasm before incorporation into storage triglycerides. An understanding of the expression patterns of genes involved in the synthesis of fatty acids and lipids is becoming clear (O'Hara et al. 2002 , Ruuska et al. 2002 . However, the process by which carbon is partitioned between starch, lipids and proteins is complex and will be dependent on the temporal and tissue-specific activity of many different proteins including transporters and those involved in intermediary metabolism. The activity of these components may not be easily discernible from mRNA expression patterns; recent data comparing the expression of genes involved in storage product formation with the corresponding enzyme activity in Arabidopsis show that they do not always correlate (Baud and Graham 2006) . In a systematic study of changes in activity and transcript levels of 23 enzymes involved in central carbon and nitrogen metabolism, Gibon et al. (2004) concluded that enzyme activities are often delayed and damped following alterations in transcript levels, mainly due to post-translational modification of enzyme activity. It has also been well documented, in the proteomic literature, that there is often a lack of correlation between data obtained by transcriptomics and proteomics (Gygi et al. 1999) .
Major advances in the understanding of plant lipid metabolism have been achieved by the use of mutants and antisense down-regulation of gene expression. The use of mutants has allowed direct identification of enzymes involved in metabolic pathways, for example fatty acid desaturases (Somerville and Browse 1996) . Analysis of these mutants has helped define the roles of membrane lipids in such diverse processes as photosynthetic function, growth at reduced temperatures and signaling (for a review see Wallis and Browse 2002) . Antisense expression of specific genes associated with fatty acid biosynthesis has concentrated on the effect on the quality of fatty acids; there has been less consideration of the quantity of lipid synthesized and its effect upon storage product resource allocation in seeds. Even less information is available about the consequences of altered fatty acid production on whole plant yield.
This article presents an investigation into the effects of antisense 3-oxoacyl-ACP reductase (KR), a central FAS component, on overall plant yield and product partitioning within seeds of B. napus and provides insights into collateral changes in activity of fatty acid synthase components.
Results

Preliminary analysis of seed development in antisense KR lines
The seeds from plant lines that contained antisense KR constructs driven by either the cauliflower mosaic virus (CaMV) 35S promoter (designated Cx) or a seed-specific ACP promoter (designated Ax) were examined. Seedspecific effects were expected in the ACP promoter lines, but were also possible in antisense lines directed by the CaMV promoter due to constitutive expression from this promoter. A total of 44 independently transformed plants were generated; in the T 1 generation, many of the plants had severe phenotypes, including slow growth, stunted habit and thick short pods which contained a high proportion of precociously germinated seeds. Some of the lines contained more than one T-DNA insert and were difficult to maintain due to segregation of the inserts. In order to obtain reliable experimental material, plants with single inserts were selected and bred homozygous for the transgene. In total, 18 plant lines containing single antisense inserts were identified and used for further study.
As a first pass screen to identify antisense lines of interest, KR activity at a single time point in embryogenesis, seed and pod phenotypes and fatty acid content of mature seeds were employed. KR activity was determined in extracts of seeds from antisense plants that were harvested at 29 days after flowering (DAF) and compared with those of wild-type plants grown at the same time. The KR activity of most of the antisense lines was within AE10% of that of wild-type seeds (data not shown); however, there was a significant reduction in activity in lines C4, C30 and A4. These reductions in activity correlated with two classes of altered seed and pod phenotype; the most severe phenotype was evident in lines A3 and C4, both of which produced small pods that contained shrunken, wrinkled seeds with reduced seed mass and a significant number of precociously germinated seeds. These precociously germinated seeds were designated A3p and C4p and were present in the same pods as seeds with a normal appearance (Fig. 1A) . The second seed phenotype was exemplified by line C30, but was also apparent in C20; the seeds and pods from these lines were of a similar size and appearance to those of the parental line; however, each plant produced fewer pods than Westar, indicating reduced seed set (Fig. 1B) .
When expressed on a per seed basis, the mass of fatty acid in the majority of the 18 single insert lines did not differ significantly from that of the parental line (data not shown). However, seeds from lines A3 and C4 had a reduction of approximately 50% in the mass of fatty acid ( Fig. 2A ; Table 1 ). This reduction may have been due to the observed small size of A3 and C4 seeds; therefore, the fatty acid Fatty acid synthesis and plant productivitycontent as a proportion of seed mass was determined to make direct comparisons between seeds with different masses. This indicated that in the CaMV promoter line, C4, the proportion of seed mass represented by fatty acid was indistinguishable from that of Westar, despite the small size of C4 seeds. In contrast the ACP promoter line, A3, had a significantly reduced proportion of total seed mass as fatty acid (Fig. 2B , Student's single-tailed t-test P50.05), indicating altered carbon partitioning within A3 seeds, with a smaller proportion of carbon being channeled into fatty acid biosynthesis.
Seed allometry reveals dramatically reduced whole plant yield Detailed analysis of the yield of seeds per plant was undertaken for lines A3, C4 and C30, which displayed obvious differences in the number and appearance of pods and seeds. The total number of pods and the number and mass of seeds was determined for Westar and each antisense line, using three plants per line (Table 1) ; this allometric analysis revealed large differences in the numbers of pods, the numbers of seeds set and the total yield of seeds in antisense plants. Antisense KR lines produced a greater number of flowers than Westar, illustrated by the total number of pods, including aborted pods (Table 1) ; this was most notable in line A3, which produced almost three times as many flowers as Westar. Even in the control plants a proportion of flowers (41%) either did not go on to produce fully formed pods, or floral organ development was terminated at an early stage. The proportion of flowers that did not produce pods in A3 plants increased to 83%, indicating that processes in the formation of seed and pods were severely affected in this line. A reduction in the size of pods was also evident in lines C4 and A3 (Fig. 1B) , and all three antisense lines contained a reduced number of seeds per pod. Taken together, the reductions in pod size and the number of seeds per pod resulted in a dramatic reduction in the total seed yield per plant (Table 1) .
The mass of mature, individual, C30 seeds was similar to that of wild-type plants, but the total number of seeds produced by C30 plants was much reduced compared with Westar plants, resulting in an approximate 50% reduction in seed yield per plant. Both the number and yield of seeds were reduced in lines A3 and C4; in the most extreme example (line A3) the mass of seeds produced per plant was 18% of that produced by Westar. In addition, the seeds of line A3 contained approximately 55% as much fatty acid as the parental line ( Fig. 2A) , which equates to each A3 plant producing only about 10% of the yield of seed fatty acid of the control Westar plant.
Within the pods of Westar and C30, the vast majority of seeds had a round, full appearance; these lines contained a few seeds that were aborted (where a seed did not develop in the pod) or were malformed (had a wrinkled or angular appearance). They also contained 51% of seeds that were precociously germinated with a split in the testa and signs of radicle emergence. The population distributions of seeds from lines C4 and A3 were very different, with a dramatic increase in the numbers of aborted, malformed and precociously germinated seeds (Fig. 1A and Table 2 ), resulting in less than half of the seeds from these lines having a normal appearance. Oleic acid is preferentially utilized in precocious germination events The fatty acid distribution of Westar seeds showed a predominance of unsaturated C18 fatty acids with approximately 62% of 18:1, 20% of 18:2 and 10% of 18:3 (Table 3) . Compared with Westar, seeds with a normal appearance from all antisense plants had a reduced content of monounsaturated C18 moieties and an increase in the related polyunsaturated acyl chains (18:2 plus 18:3 content), which may indicate a slower rate of fatty acid synthesis in antisense lines.
Fatty acid analysis of precociously germinated seeds, A3p and C4p, revealed a reduced representation of 18:1 and a concomitant increase in the proportion of both 18:2 and 18:3 carbon species compared with normal seed of the same lines. The percentage of mature, dry seed mass as fatty acid was also altered in precociously germinated seeds, for example the value for C4 was 37% and for C4p it was 31% (Table 3) . To determine whether alteration in the quality of fatty acids was due to precocious germination, a partial germination experiment was carried out. Intact seeds of line C4 were imbibed on damp filter paper until the testa was broken and the radicle visible to a similar extent to that seen in dry C4p seeds, prior to determination of the fatty acid profiles. Following this treatment, the percentage of seed mass as fatty acids dropped from 36 to 6% and there was also a change in the quality of fatty acids. Of the fatty acids that remained in C4 seeds, the percentage representation of 18:1 dropped from 58 to 49% and there was an increase in polyunsaturated fatty acids (Fig. 3) , indicating the preferential degradation of monounsaturated species. The same trend was seen upon imbibition of C4p seeds where the Fatty acid synthesis and plant productivitypercentage of 18:1 dropped from 41 to 30% (Fig. 3) and also in Westar seeds (from 62 to 49%; data not shown). These data show that oleate moieties are preferentially degraded during the early stages of germination and support the contention that the reduction in the proportion of 18:1 evident in precociously germinated seeds is probably due to fatty acid degradation (oleate usage) during development of these embryos.
Antisense 3-oxoacyl-ACP reductase affects activity of other FAS components The reduced fatty acid content in seeds of antisense lines and the altered KR activity in embryos at 29 DAF led to an investigation of KR enzyme activity throughout embryogenesis. As the temporal expression profile of the two different promoters was unknown in embryo development, a single time point measurement may have been an unreliable representation of activity and so the amount of KR activity was determined at several time points throughout embryo development. The activity of KR measured in developing Westar embryos was found to be typical of that seen for other FAS components, rising steadily throughout early embryogenesis to reach a plateau by about 30 DAF (Slabas et al. 1986 ). In antisense lines, KR activity showed very different profiles, which probably reflects activity of the promoters controlling expression of antisense constructs (Fig. 4A) . The ACP promoter line, A3, showed a reduction in KR activity in early embryos, but the activity recovered to wild-type levels in older tissue. However, the CaMV promoter lines showed no consistent pattern of KR activity. In C4 seeds, activity was at a similar level to that in control plants in early embryos but was much reduced at 23 DAF, recovering again at later stages of development. The KR activity in C30 started at a very low level, but increased throughout embryogenesis to reach a maximum at 30 DAF, which are similar kinetics to those seen in Westar embryos. The different profiles of KR activity in antisense lines C4 and C30 indicate that the activity of the CaMV promoters in seed tissue may have been influenced by the position at which that the transgene was inserted into the genome. These results confirm that it would not have been sufficient to measure activity at one time point in development, as this would not have given a true representation of the variations in activity measured.
In order to investigate the response of other FAS components in antisense KR plants, the activity of a second enzyme involved in the biosynthesis of fatty acids was monitored. Enoyl-ACP reductase (ENR) was chosen as the activity of this enzyme has been well characterized during embryogenesis and can be measured spectrophotometrically in seed extracts using a co-enzyme A substrate analog (Slabas et al. 1986 ). The activity of this second FAS component showed remarkable congruence with that of KR activity throughout embryogenesis in both Westar and each of the antisense lines investigated (Fig. 4B ). In the Westar control tissue there is a constant ratio of KR: ENR activities and this ratio is maintained in each of the antisense plant lines no matter what reduction in the amount of KR activity had taken place (Fig. 4C ).
Antisense seeds with altered fatty acid content have foreshortened embryo development
The two major storage products of B. napus seeds are triglycerides and proteins. In order to investigate if a reduction in the activity of KR had any effects on partitioning between the two major storage products, seed protein content was determined for Westar and each antisense line. Dry, mature C30 seeds had similar protein contents to that of Westar, whereas seeds of lines A3 and C4 had a greater proportion of their seed mass as protein than the control plants (Table 4 ). The increase in the relative level of proteins stored in A3 and C4 seeds was not directly related to the proportion of their seed mass present as fatty acids as Westar and C4 seeds had a similar proportion of fatty acids but the level was lower in A3 seeds.
There were signs that embryogenesis was shorter in A3 and C4 plants, evidenced by the early hardening of seeds and a change in seed coat color from green to brown. When protein extracts (equivalent to one-tenth of a seed) from 
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Fatty acid synthesis and plant productivity developing seeds were separated by SDS-PAGE and visualized by Coomassie blue staining, early synthesis of storage proteins was apparent in both A3 and C4 seeds (Fig. 5) . In Westar seed extracts, the oil body-associated protein oleosin and the storage proteins cruciferin and napin were evident at 42 DAF, whereas in antisense lines A3 and C4 these proteins could be detected as early as 29 DAF. This result is clearly not a loading artifact, as the protein band at approximately 45 kDa was present at a greater intensity than the storage proteins in 35 DAF Westar extracts, whereas it was at a lower intensity in extracts of C4 and A3 seeds. The early synthesis of seed storage proteins in lines A3 and C4 indicates that the reduced ability of these plants to synthesize fatty acids allows the carbon to be directed to storage protein synthesis.
Discussion
Antisense expression of KR in embryos was used as a means of reducing the rate of fatty acid biosynthesis so that Three independent activity measurements for ENR and KR were made throughout embryogenesis, and the ratio of activity at each time point was used to calculate the mean ratio for each line. Data are presented as the mean ratio AE SEM for three independent measurements.
Fatty acid synthesis and plant productivity 741 the effects on partitioning of storage products within individual seeds and on a whole plant basis could be established. Two groups of plants were investigated, based upon the fatty acid content of mature seeds, the KR activity at a mid-point in embryo development and their seed and pod phenotypes. C30 and C20 plants produced seeds with a normal appearance and composition, but had a dramatic reduction in seed yield due to an approximate 50% reduction in the number of seeds per pod. The C30 plant phenotype may be the antithesis of that observed in tobacco plants overexpressing the accD component of ACCase in chloroplasts (Madoka et al. 2002) . In that case, higher ACCase activity correlated with an approximately 2-fold increase in the yield of seeds per plant. The size and composition of individual seeds were unaffected, with the increase in yield being due to a greater number of seeds per pod. The authors suggest that greater seed productivity might be due to observed increases in leaf longevity, resulting in an extended supply of photoassimilates for carbon store synthesis in seeds (Madoka et al. 2002) . However, it is also likely that an increase in seed ACCase activity would be a factor in increasing the number of seeds produced per plant. The opposite situation is observed in C30 plants, which have reduced KR activity and a 2-fold reduction in seed yield. In the more severely effected lines (A3 and C4), both the numbers of seeds produced per plant and the size of individual seeds were much reduced. Thus, reduced fatty acid synthesizing capacity causes plants to produce a reduced quantity of seeds and in more severe cases the seeds do not develop normally.
Correlations between KR activity throughout embryo development with seed yield and fatty acid content are not straightforward, as reduction in KR activity was also apparent in vegetative tissues of CaMV promoter lines (data not shown); these reductions may cause maternal effects in seed development by reducing the supply of sucrose that is required for both starch and fatty acid synthesis (Eastmond and Rawsthorne 2000) . Alternatively, reduced seed set in antisense lines may be a direct result of a reduction in the rate of fatty acid biosynthesis, resulting in an insufficient supply of acyl chains for storage triglycerides or synthesis of signaling molecules. In the closely related model plant Arabidopsis, fertility has been shown to be adversely affected by the lack of a-linoleic acid, required for oxylipin biosynthesis (McConn and Browse 1996) but no deficiency in 18:3 content is evident in antisense KR plants (Table 3) . Cuticular waxes have also been shown to be necessary for male fertility (Aarts et al. 1995) , and alteration in the synthesis of these surface components remains a possible cause of the reduced seed set observed.
In mature B. napus seeds, the major storage compounds are triglycerides and proteins. Flexibility in the proportion of the two storage proteins napin and cruciferin has been demonstrated using antisense approaches, where reduction in the quantity of either protein did not alter the total protein or lipid content of the seeds. Rather increased cruciferin levels compensated for a reduction in napin content (Kohno-Murase et al. 1994) , and increased levels of napin likewise ameliorated reductions in cruciferin synthesis (Kohno-Murase et al. 1995) . In the present study, reduced fatty acid synthesis resulted in an increased proportion of seed mass as protein in lines A3 and C4, though the mass of protein stored in these seeds did not increase above the levels present in wild-type seeds. This synthesis of storage proteins implies sufficient supplies of carbon from maternal tissues and that the reduction in seed fatty acid content is due to reduced KR activity in seeds.
Alterations in the fatty acid profile as well as the mass of fatty acid stored were apparent in antisense seeds, which had an increased percentage of linoleic (18:2) and linolenic (18:3) acids at the expense of oleic (18:1) acid. These results are consistent with the observation that oleic acid levels correlate directly with oil content in rapeseed (Roesler et al. 1997, Thelen and . The changes in oil quality may reflect the kinetic parameters of acyltransferase and 
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Fatty acid synthesis and plant productivity desaturase enzymes that act upon oleoyl moieties, as at high pathway flux, incorporation of 18:1 into triglycerides by acyltransferases is favored, whereas the influence of the desaturase enzymes is increased under conditions of reduced oil biosynthesis. The reduced representation of oleic acid in precociously germinated and partially germinated seeds may reflect the specificity of the lipase responsible for initial hydrolysis of triglycerides. In Arabidopsis, the lipase responsible for the initiation of triglyceride breakdown, on germination, has recently been shown to have a strong preference for triacylglycerol over di-or monoacylglycerol, with a substrate preference for triolein over trilinolein and trilinolenin (Eastmond 2006) . It is likely that a similar triglyceride lipase is present in B. napus where the rate of oil body-associated lipase activity has been shown to be approximately two and three times faster with triolein than with trilinolenin and trilinolein, respectively (Hills and Murphy 1988) . The fatty acid composition of precociously germinated and partially germinated seeds may also be influenced by de novo membrane lipid synthesis where the proportion of polyunsaturated fatty acids would be higher than in storage triglycerides.
These data indicate that the altered fatty acid distribution in A3p and C4p seeds was due to precocious germination and that fatty acid deposition probably continued alongside the germination events. It is possible that the precocious germination seen in lines A3 and C4 may be caused by altered metabolite balance within the embryos or by direct effects on the membrane environment, due to perturbations in fatty acid synthesis.
Despite the variation in KR activity in antisense plants throughout embryogenesis, the activity of ENR was maintained at a constant ratio in both wild-type and antisense lines. The coincidence in the activity of these two enzymes indicates the presence of a sophisticated mechanism for regulating fatty acid synthesis. Further work will be required to understand how the activity of these FAS components is maintained at a constant ratio and if this regulation is mediated at the level of transcription, translation or post-translation. Elucidation of this process is the focus of current work.
Materials and Methods
Preparation and selection of transgenic lines
A B. napus KR sequence (AJ243085) was cloned in antisense orientation in relation to either the CaMV 35S promoter or the seed-specific B. napus ACP05 promoter (deSilva et al. 1992) in the Agrobacterium tumefaciens binary vector pJRIi. Wild-type B. napus Westar plants were transformed via Agrobacterium-mediated petiole transformation and selected on kanamycin. In all, 44 independent lines were transferred to individual 20 cm pots and those that contained single inserts of the transgene were selected by Southern hybridization for further study (data not shown). In total 18 plant lines contained single inserts at different loci (11 CaMV promoter lines and seven ACP promoter lines) and these were bred homozygous for the transgene by self-fertilization and determination of the segregation ratios by PCR detection of the nptII gene. The phenotypes are stable and remain true in the T 4 generation.
Growth and harvesting of plant material
Brassicus napus (cv Westar) plants were grown in M3 Levington compost in individual 20 cm pots with a 16 h light period (208C) and an 8 h dark period (158C) at 60% humidity, in a Phytotron-controlled environment chamber. Illumination, measured with a Macam Quantum Radiometer/photometer, was at a photon flux density of 250 mE m À2 s
À1
. Flowers were tagged when fully open, and seeds were collected from 17 to 42 DAF; mature seeds were harvested when fully dry (at 450 DAF). All plant material was frozen in liquid nitrogen before storing at -808C until required. Unless otherwise stated, the C4 and A3 seed samples contained precociously germinated seeds in the proportions present in those populations.
Allometric analyses
For allometry experiments, three plants of each line (Westar, C4, C30 and A3) in the T 4 generation were grown until the seeds reached complete dryness. The plants were individually stripped of all pods and the seeds from 30 pods from each plant were then assessed by seed type (normal, precociously germinated, malformed, aborted) and counted. Finally, for each plant, all the seeds for each pod type were pooled, weighed and stored.
Protein analysis
Triplicate batches of five seeds, from each plant used in the allometry experiment, were weighed then homogenized in a glass homogenizer with 1.0 ml of buffer [62.5 mM Tris-HCl pH 6.8; 2% SDS; 10% glycerol; 0.0001% bromo-phenol blue; 5% dithiothreitol (DTT)]. Protein concentration was assayed by the RCDC Protein Assay kit (BIO-RAD) using ovalbumin as a standard.
Seed protein extracts were separated by SDS-PAGE and stained with Coomassie blue.
Enzyme activity assays
For activity measurements, protein homogenates were made by grinding 10 excised embryos in a micropestle (Treff) with extraction buffer (50 mM potassium phosphate, pH 7.5; 10% (w/v) glycerol; 1 mM EDTA). The extract was centrifuged for 3 min at 13,000 Â g, and the supernatant transferred to a clean tube and spun at 35,000 Â g for 30 min; the supernatant from this spin was used for activity measurements. ENR (Slabas et al. 1986 ) and KR (Sheldon et al. 1992 ) activities were measured spectrophotometrically by monitoring the rates of crotonyl-CoA-and acetoacetylCoA-stimulated oxidation of NADH and NADPH, respectively, at 340 nm in 100 ml reaction volumes.
Measurement of fatty acids
Fatty acid methyl esters (FAMEs) were prepared directly using a combined digestion and esterification procedure (Browse et al. 1986 ). Extractions were performed on batches of 50 seeds in triplicate; heptadecanoic acid (17:0) in iso-hexane containing 5% BHT was added as an external standard.
Hexane-extracted esters were analyzed on a Shimadzu GC14A gas chromatograph using a fused silica capillary column Fatty acid synthesis and plant productivity(Supelco SP-2380). Fatty acids were identified by reference to standards and were quantified by electronic integration.
